Diatomaceous earth was modified by in situ precipitation of metallic hydroxides. Modification decreased the negative charge on the diatomaceous earth and increased its ability to adsorb viruses in water. Electrostatic interactions were more important than hydrophobic interactions in virus adsorption to modified diatomaceous earth. Filters containing diatomaceous earth modified by in situ precipitation of a combination of ferric chloride and aluminum chloride adsorbed greater than 80% of enteroviruses (poliovirus 1, echovirus 5, and coxsackievirus B5) and coliphage MS2 present in tap water at ambient pH (7.8 to 8.3), even after filtration of 100 liters of tap water. Viruses adsorbed to the filters could be recovered by mixing the modified diatomaceous earth with 3% beef extract plus 1 M NaCI (pH 9).
Early workers observed that poliovirus and influenza virus could be concentrated by adsorption to metallic precipitates such as calcium phosphate (5, 16, 22) . Wallis and Melnick (26) found that several viruses, including reoviruses and enteroviruses, could be efficiently adsorbed to aluminum hydroxide and other metallic precipitates.
The ability of aluminum hydroxide and other metallic precipitates to efficiently adsorb viruses has led to their use in methods for the recovery of viruses from water. Aluminum hydroxide flocs have been used as the virus adsorbent in the first or second stages of virus concentration procedures (6, 28) . Preformed magnesium hydroxide flocs have been used to further concentrate viruses eluted from microporous filters (24) . Metallic ions have also been found to increase the amount of floc formed by organic compounds at low pH. The addition of ferric ions to filter eluates has been shown to increase flocculation of organic compounds concentrated by the filters along with viruses or of beef extract used as the eluent for microporous filters (13, 20) . In both cases, the flocs were found to efficiently adsorb viruses.
Since metallic hydroxides have been found to efficiently adsorb viruses in water, attempts have been made to combine them with filters to produce flowthrough systems that are capable of both processing large volumes of water and efficiently removing viruses from water. Seeley and Primrose (17) coated microporous filters with aluminum hydroxide. Clogging of these filters produced a slow filtration rate with distilled water and precluded their use with surface water. Wallis and Melnick (27) combined ferric hydroxide flocs with 10-in. (ca. 25-cm) fiberglass filters. This combination of a filter with ferric hydroxide floc was reported to adsorb all of the poliovirus in 3.8 liters of water. Brown et al. (1, 2) found that coating diatomaceous earth with aluminum hydroxide flocs increased its ability to adsorb viruses in § Present address: Department of Biology, Faculty of Natural Science, University of Puerto Rico, Rio Piedras, Puerto Rico. water. Two general problems have been found in attempts to combine aluminum hydroxide flocs with filters, including (i) clogging of the filters (8, 12, 17) and (ii) poor adhesion of the floc to the filters (2, 8, 23) .
In previous studies (8, 23) we found that microporous and depth filters can be modified by in situ precipitation of individual metallic salts or combinations of two metallic salts. The modified filters were capable of adsorbing viruses in water with little or no decrease in the flow rate of water through the filters. This procedure has been found to be capable of modifying diatomaceous earth (7) and sand (9) and increasing their ability to adsorb viruses in water. In this paper, data on virus adsorption to diatomaceous earth modified by precipitation of several metallic salts are presented and the use of filters made with modified diatomaceous earth to remove and recover viruses from water is described.
MATERIALS AND METHODS
Modification of diatomaceous earth. Diatomaceous earth (grade 1; Sigma Chemical Co., St. Louis, Mo.) was mixed with one of the solutions listed in Table 1 (4 ml of solution per g of diatomaceous earth) for 30 min on a rotating shaker. The diatomaceous earth was collected by centrifugation for 5 min at 500 x g and allowed to dry at 35°C. The dried materials were mixed with 3 N ammonium hydroxide (4 ml/g) for 5 min and centrifuged as described above. The modified materials were dried at 35°C and stored at room temperature until used.
Measurement of zeta potential. The zeta potentials of diatomaceous earth samples in 3 mM potassium phosphate buffer were determined by using a Lazer Zee model 501 zeta meter (Penkem, Inc., Bedford Hills, N.Y.). Values were determined at pH 5, 7, and 8.
Virus adsorption studies. Batch studies of virus adsorption were done by mixing 0.5 g of diatomaceous earth and 20 ml of solution with added virus on a rotating shaker for 5 min. The samples were centrifuged as described above, and the supernatant samples were removed and sampled for viruses. The diatomaceous earth was then mixed with 20 ml of 3% beef extract plus 1 M NaCl (pH 9) for 5 min and centrifuged as described above. All solutions were buffered with 0.02 M Table 5 . Suspensions of diatomaceous earth were made in deionized water and passed through AP20 fiberglass filters (Millipore Corp., Milldale, Conn.) in 25or 47-mm holders by exerting positive pressure with 50-ml syringes. Approximately 0.5 g could be collected on 25-mm filters, and 1.5 g could be collected on 47-mm filters. In some cases, diatomaceous earth was applied to 47-mm filters in two separate holders which were then connected in tandem. In these cases, it was convenient to connect a Millipore high-pressure 316 filter with a threaded female exit port to a Millipore Swinnex filter with a threaded male input port. Samples (100 ml) of buffer or unchlorinated effluent with indigenous phage or added -coliphage MS2 and poliovirus 1 were passed through diatomaceous earth in 25-mm filters. Samples (1 liter) of dechlorinated tap water with added viruses were passed through 47-mm filters containing diatomaceous earth after passage through the filters of 10 or 100 liters of tap water without viruses.
Virus recovery. Volumes (20 liters) of dechlorinated tap water were seeded with virus and passed through one or two 47-mm filters with AP20 filters and modified diatomaceous earth. After passage of the water, the diatomaceous earth and AP20 filter were removed and mixed with 40 ml of 3% beef extract plus 1 M NaCl (pH 9) for 5 min. After mixing, the samples were centrifuged at 500 x g for 5 min. The supernatant fractions were removed, neutralized, and assayed for viruses. Chemicals. The following chemicals were obtained from Sigma: aluminum chloride, calcium chloride, magnesium chloride, ferric chloride, sodium chloride, sodium citrate, Tween 80, and Nonidet P-40. Beef extract was obtained from Difco, Detroit, Mich.
Viruses and viral assays. Enteroviruses (poliovirus 1, coxsackievirus B5, and echovirus 5) were grown in BGM cells. Cell culture harvests were treated with Freon and centrifuged at 100,000 x g for 1 h. The pellets were suspended in buffer (0.02 M glycine plus 0.05 M imidazole [pH 7]), centrifuged at 10,000 x g, filtered through 0.2-p.m-pore-size filters, and frozen until used. Enteroviruses were assayed as PFU on BGM cells by using an agar overlay. Virus production and assays were similar to previously described procedures (19) . Bacterial phages in trickling filter effluent and phage MS2 were analyzed as PFU by using Escherichia coli C-3000 (ATCC 15597) as the host.
Adsorption kinetics and thermodynamic parameters. The kinetics of virus adsorption were studied at 4, 25, and 37°C.
The energy of activation (Ea), enthalpy of activation (AH*), Gibb's free energy of activation (AG*), and entropy of activation (AS*) were calculated as previously described (14) .
Statistical analyses. Mean values, standard d-viations, and correlations were determined by using a calculator (Texas Instruments Model TI 60).
RESULTS
Clear pores in fragments of diatoms are clearly visible in a scanning electron micrograph of untreated diatomaceous earth ( Fig. la) . Modification of diatomaceous earth by in situ precipitation of metallic salts led to coating of the particles and incorporation of precipitate within the pores (Fig. lb) .
Modification greatly increased the concentration of metals on the diatomaceous earth (7) .
Modification with different salts led to an increase in the zeta potential of the diatomaceous earth (Table 1) . This increase was associated with increased adsorption of coliphage MS2, coliphages in unchlorinated trickling filter effluent, and poliovirus 1 by filters containing diatomaceous earth. The correlation between zeta potential and virus adsorption was higher for viruses in buffer (r > 0.850) than for viruses in trickling filter effluent (r > 0.670). Rinsing VOL. 57, 1991 diatomaceous earth with ammonium hydroxide did not produce an appreciable change in either its zeta potential or its ability to adsorb viruses. The ability of filters containing diatomaceous earth to adsorb viruses after filtration of tap water is shown in Table 2 . After passage of 100 liters of tap water, filters containing untreated diatomaceous earth adsorbed less than 30% of the viruses tested. Filters containing diatomaceous earth modified by treatment with ferric chloride and aluminum chloride adsorbed greater than 80% of coliphage MS2 and the three enteroviruses tested. Filters containing diatomaceous earth modified with ferric chloride and magnesium chloride adsorbed considerably more of all of the viruses tested than filters with unmodified diatomaceous earth but adsorbed less echovirus 5 and coliphage MS2 than filters containing diatomaceous earth modified with ferric chloride and aluminum chloride. Initial studies on recovery of viruses from water by using a single 47-mm filter containing modified diatomaceous earth gave variable and often low recoveries. By placing two filters containing diatomaceous earth modified with ferric chloride and magnesium chloride in tandem, the recovery of viruses added to tap water was improved (Table 3) . However, the variation in the percentage of virus recovered was still high; the standard deviations were equal to or higher than the mean values for three of four of the tested viruses. Less variation and higher mean values were obtained by using two filters containing diatomaceous earth modified with ferric chloride and aluminum chloride.
The thermodynamic parameters of coliphage MS2 adsorption to diatomaceous earth modified with ferric chloride and magnesium chloride were determined and are compared with the values obtained in another study (14) . As shown in Table  4 , the mean values for MS2 adsorption previously obtained (14) are similar to the values obtained in this study.
Detergents had little effect on virus adsorption by modified diatomaceous earth (Table 5 ). Salts had different effects on virus adsorption to modified diatomaceous earth. Solutions of sodium thiocyanate or sodium chloride did not have a noticeable effect on virus adsorption. Sodium fluoride de- "Twenty liters of dechlorinated tap water (pH 7.8 to 8.5) with the indicated viruses were passed through two 47-mm filter holders in tandem containing approximately 3 g of diatomaceous earth. The amount of virus added was varied between 103 and 106 PFU. Adsorbed viruses were recovered by using 40 ml of 3% beef extract plus 1 M NaCI (pH 9). Values represent the mean ± standard deviation for the indicated number of trials. b For abbreviations, see Table 2 , footnote b.
creased adsorption by approximately 40%, and solutions of sodium citrate reduced adsorption to less than 5%. Greater than 80% of the adsorbed virus could be recovered by using 3% beef extract plus 1 M NaCl, indicating that adsorption rather than inactivation was occurring (data not shown).
DISCUSSION
The ability of metallic precipitates to adsorb viruses in water has led to efforts to use such precipitates in flowthrough systems. In general, two problems have been encountered in using insoluble metallic hydroxide flocs in conjunction with filter supports, namely, poor adhesion of the precipitate to the filter material and clogging of the filter. These problems have been found in our studies and have been reported by other workers. Seeley and Primrose (17) found that the aluminum hydroxide-coated microporous filters rapidly clogged when filtering clean water samples and did not attempt to use such filters with natural water samples. Moeglich (12) discussed the problem with clogging of filters combined with metallic hydroxides and suggested an electrolytic procedure for coating solids. Wallis and Melnick (27) reported that fiberglass filters modified with precipitated ferric hydroxide adsorbed poliovirus in water. However, these workers removed viruses from only 1 gal (3.8 liters) of water. The reason for the use of only a small volume of water with filters that have been shown capable of recovering viruses from 100-gal samples of water (25) was not given. It is likely that the precipitate was removed from the filter as larger volumes of water were filtered. Brown et al. (1, 2) used aluminum hydroxide-coated diatomaceous earth to remove viruses from water. These authors reported that "poor adhesion of the alumina" limited the use of such filters for recovery of viruses from water. We have found ferric hydroxide or aluminum hydroxide flocs are poorly retained by microporous filters, depth filters, diatomaceous earth, and sand, but that such filters can be modified by using in situ precipitation of metallic salts (7-9, 23). Modification of solids by this procedure in this and previous studies has been found to permit stable modification of the solids and to greatly increase their ability to adsorb viruses in water. Modification did not greatly change the flow rate of water through the filters.
The finding that the charge on diatomaceous earth is related to its ability to adsorb viruses is consistent with Preston and Farrah (14) .
previous reports (15, 21) . More efficient virus adsorption to microporous filters at pH values near neutrality has been found for filters with a positive or slightly negative zeta potential than for filters with a more negative charge (15, 21) . The lower correlation between virus adsorption and zeta potential with trickling filter effluent than between virus adsorption and zeta potential with buffer suggests that components of the trickling filter effluent influenced virus adsorption.
Other procedures are available for increasing the charge on diatomaceous earth and microporous filters. Cationic polymers have been used to modify diatomaceous earth (1, 2) and microporous filters (15) . This method of modification increased the zeta potential and virus adsorption by the modified materials. Although modification with cationic polymers may prove useful for modifying filters used in recovering viruses in water, it might not be suitable for modifying materials used in filtering water for human consumption. The possible leaching of polymer or monomer units might reduce public acceptance or invite regulatory control of their use. Several of the metals used in this study, such as iron and magnesium, are not considered toxic unless large amounts are consumed (3) . There may be some concern with solubilization of aluminum. However, the use of aluminum precipitates has been an accepted component of water treatment procedures for years (10) . Also, the aluminum and ferric precipitates used in this study are relatively insoluble. The solubility constants for aluminum hydroxide and ferric hydroxide are 5 x 10-33 and 6 x 10-38, respectively (11). alone or with the indicated salts or detergents was seeded with approximately 105 PFU of virus per ml and mixed with 0.5 g of diatomaceous earth on a rotating shaker for 5 min. The samples were centrifuged at 2,000 x g for 5 min, and the supernatant fractions were examined. Virus adsorbed to the diatomaceous earth was recovered by mixing with 20 ml of 3% beef extract plus 1 M NaCI and mixing and centrifuging as described above. Values represent the mean + standard deviation for three determinations.
The reasons for the variability in recovery of viruses from water by using filters containing modified diatomaceous earth have not been definitely established. Some of the variability likely results from the fact than the filters are handmade before use. Variations in packing and displacement of filter material directly in the center of the filter by the flow of water have been observed. These sources of variation were reduced by using two filters in tandem. Additional studies are required to determine if the use of modified diatomaceous earth offers any advantages over previously described virus concentration procedures (5, 6, 17, 18, 20, 21) .
The mean values of thermodynamic parameters reported in a previous study are similar to the values obtained in this work ( Table 4 ). This suggests that similar mechanisms of virus adsorption were operating in all of the cases studied.
The finding that solutions of detergents had no significant effect on virus adsorption to modified diatomaceous earth was surprising. In previous studies, solutions of detergents have been found to reduce virus adsorption to microporous and depth filters (18, 25) . These results indicate that hydrophobic interactions play at most a minimal role in adsorption of virus to modified diatomaceous earth. The fact that a chaotropic salt (sodium thiocyanate) does not affect virus adsorption is consistent with the fact that hydrophobic interactions are not a major factor in virus adsorption to modified diatomaceous earth. In a previous study, chaotropic salts were found to interfere with virus adsorption to microporous filters (4) . Only salts with a relatively high charge density (sodium fluoride and sodium citrate) interfered with virus adsorption to modified diatomaceous earth. This suggests that electrostatic interactions are the primary mechanism of virus adsorption to the modified solids studied in this work (18) .
In summary, we have found that modification of diatomaceous earth by in situ precipitation of metallic salts increases its zeta potential and its ability to adsorb viruses in water. Filters made with such modified diatomaceous earth might prove useful in the following: (i) recovering viruses from water, (ii) removing viruses from small volumes of water for emergency needs or for travelers, and (iii) large-scale treatment of water, especially recycled wastewater, where an added barrier for virus transmission might be desired.
